Abstract Cuticular hydrocarbon profiles are essential for nestmate recognition in insect societies, and quantitative variation in these recognition cues is both environmentally and genetically determined. Environmental cues are normally derived from food or nest material, but an exceptional situation may exist in the fungus-growing ants where the symbiotic fungus garden may be an independent source of recognition compounds. To investigate this hypothesis, we quantified the chemical profiles of the fungal symbionts of 18 sympatric colonies of Acromyrmex echinatior and Acromyrmex octospinosus and evaluated the quantitative variation of the 47 compounds in a multivariate analysis. Colony-specific chemical profiles of fungal symbionts were highly distinct and significantly different between the two ant species. We also estimated the relative genetic distances between the fungal symbionts using amplified fragment length polymorphism (AFLP) and correlated these with the overall (Mahalanobis) chemical distances between the colony-specific profiles. Despite the standardized laboratory conditions, the correlations were generally weak, but a statistically significant portion of the total variation in chemical profiles could be explained by genetic differences between the fungal symbionts. However, there was no significant effect of ant species in partial analyses because genetic differences between symbionts tend to coincide with being reared by different ant species. However, compound groups differed significantly with amides, aldehydes, and methyl esters contributing to the correlations, but acetates, alkanes, and formates being unrelated to genetic variation among symbionts. We show experimentally that workers that are previously exposed to and fed with the fungal symbiont of another colony are met with Behav Ecol Sociobiol (2007) less aggression when they are later introduced into that colony. It appears, therefore, that fungus gardens are an independent and significant source of chemical compounds, potentially contributing a richer and more abundant blend of recognition cues to the colony "gestalt" than the innate chemical profile of the ants alone.
Introduction
The eusocial insects (ants, wasps, bees, and termites) discriminate nestmates from alien individuals using complex, colony-specific chemical mixtures that are partly determined genetically (e.g., Vander Meer and Morel 1998), but also include substantial environmental components (Richard et al. 2004 , and references therein). Hydrocarbons are thought to be an important component of such nestmate recognition labels (e.g., Singer 1998; Breed 1998; Vander Meer and Morel 1998; Lenoir et al. 1999) . Each member of an insect society may have an individual hydrocarbon profile, but discrimination between nestmates and nonnestmates appears to be based on a composite colony-specific "gestalt" profile common to all colony members (Crozier and Dix 1979; Fletcher and Michener 1987) . This colony "gestalt" is maintained by the continuous exchange of recognition cues via trophallaxis and allogrooming (Soroker et al. 1994) , and can therefore track seasonal variation in diet (Nielsen et al. 1999; Richard et al. 2004; Silverman and Liang 2001) and nesting substrate (Heinze et al. 1996) .
Atta and Acromyrmex leaf-cutting ants (Formicidae: Attini) cultivate mutualistic fungi of the family Lepiotaceae (Agaricales: Basidiomycota) (Weber 1966; Chapela et al. 1994) in underground nest chambers (Belt 1874; Möller 1893) . These ectosymbionts serve as the exclusive food for the ant brood and are a major part of the worker diet (Cherrett et al. 1989; Littledyke and Cherrett 1976; Quinlan and Cherrett 1979; Murakami and Higashi 1997; Schneider 2000) . The ants maintain their fungal symbionts by providing suitable plant-fragment substrate, by manuring fungus gardens with fecal droplets, and by protecting their cultivars from contamination with bacteria, fungal competitors, and pathogens (Bass and Cherrett 1994; North et al. 1997; Currie et al. 1999 Currie et al. , 2003 Currie et al. , 2006 Currie and Stuart 2001; Bot et al. 2002) .
In behavioral tests, both Acromyrmex leaf-cutting ant workers (Bot et al. 2001; Viana et al. 2001 ) and ants in the "lower" attine genus Cyphomyrmex (Mueller et al. 2004; Mehdiabadi et al. 2006 ) discriminate between their resident fungal cultivar and fragments of fungi from other sympatric colonies of the same or closely related species, possibly because the fungi carry specific chemical signatures (Viana et al. 2001) . The domesticated fungi themselves have also recently been shown to actively reject genetically different fungus clones from other colonies of the same population (Poulsen and Boomsma 2005) . Moreover, the fecal droplets that the ants use to manure their fungus garden carry an imprint of the resident fungus so that they are incompatible with symbionts from other colonies, unless these are genetically identical (Poulsen and Boomsma 2005) .
The discovery of these multiple layers of possible incompatibility between the farming ants and their fungal symbionts is so recent that the proximate chemical and enzymatic mechanisms behind these interactions are virtually unknown. In the present study, we attempt to open one of these black boxes by analyzing the chemical profiles of fungus gardens cultivated by two sympatric Panamanian Acromyrmex species. We do this by comparing the quantitative differences in these profiles with amplified fragment length polymorphism (AFLP)-based genetic distances between these fungal symbionts and by experimentally evaluating the effect of previous exposure to nonnestmate fungus for later discrimination between nestmates and nonnestmates.
Materials and methods

Fungus material
A total of 42 fungus gardens were used, originating from 22 colonies of Acromyrmex echinatior (Ae colony numbers 33, 47, 48, 109, 112, 124, 128, 131, 132, 144, 145, 150, 152, 153, 162, 168, 190, 191, 197, 208, 209, and 210) and 20 colonies of Acromyrmex octospinosus (Ao colony numbers 21, 35, 67, 103, 107, 114, 117, 119, 163, 165, 173, 169, 181, 198, 201, 203, 205, FS2, GlP, and AH5) . All colonies were collected between 1994 and 2002 in Gamboa, Panama, except for AH5 (from Ancon Hill at a distance of approximately 25 km) and FS2 (from Fort Sherman at a distance of approximately 35 km). At the time of sampling for the present study, all colonies were maintained in laboratory nest boxes in a climate room at the University of Copenhagen under standardized conditions of approximately 70% relative humidity, temperature of 25°C, and were fed ad libitum with a standard diet of bramble (Rubus) leaves and rice.
Chemical analysis of fungus clones
Nine fungus gardens for each of the two ant species were used for the chemical analyses (Ae 33, 48, 109, 145, 168, 197, 208, 209, and 210 and Ao 35, 163, 169, 181, 198, 201, 205 , GlP, and AH5) because they had fungus garden volumes of at least half a liter. To minimize any contaminating effects of leaf fragments, samples were taken from the mature parts of fungus gardens, well below the upper layer containing freshly incorporated or undigested leaf fragments. All ant brood and workers were removed from the fungus fragments before chemical extraction, which was carried out using 200 mg of fungus material from each of 5 replicates per fungus garden. Such multiple samples from the same fungus garden always yield mycelia from the same symbiont clone (Poulsen and Boomsma 2005) . Extractions were carried out by immersing fungus material in 3 ml pentane for 10 min after which the extracts were stored at −20°C until chemical analysis. Before analysis, the pentane was allowed to evaporate and the dried extracts were redissolved in 50 μl pentane containing 10 μg/μl eicosane (n-C 20 ) as an internal standard. Two microliters of this mixture were injected into a gas chromatograph (Perkin Elmer Autosystem XL, FID). Compound separation was achieved using a BP1 fusedsilica capillary column (SGE; 0.5 μ; 25 m×0.32 mm) that was held at an initial temperature of 150°C for 2 min, based on preliminary data indicating this being an optimal starting point for fungus profile acquisition (F.-J. Richard, unpublished data) , and then programmed for a gradual temperature rise of 5°C/min until the maximum temperature of 300°C was reached and maintained for 10 min. We used mass spectrometry (bench top Perkin Elmer Turbomass system using EI mode at 70 eV) for compound identification, and compared mass spectra with NIST/EPA/NIH libraries before quantification and characterization of chemical profiles by valley-to-valley peak integration (see Table 1 ). To obtain normalized data for subsequent analysis, peak areas were log-ratio-transformed (i.e., each peak area was replaced by the log of the ratio of the area of that peak to the geometric mean peak area of the other compounds; cf. Aitchison 2003; Nielsen et al. 1999) to give an unbounded measure of the relative abundances of the individual compounds compared with all other compounds (the analysis of Fig. 1 ) or others belonging to the same compound group (alkanes, aldehydes, amides, formates, methyl esters or acetates: the analyses of Tables 2 and 3; Fig. 3 ). For the latter analyses, all groups with at least three different compounds were included, except for acids (n=5) for which the peak area determinations were not accurate enough to justify inclusion at this detailed level.
Genetic analysis of fungus clones
Isolating and cultivating the mutualistic fungus Fungus clones were isolated as pure cultures in vitro by inoculating 1-2 mm 3 of mycelium from the fungus garden on a medium of potato dextrose agar (PDA) in Petri dishes (concentration 39.7 g PDA/l; Sigma-Aldrich) with a sterilized needle. Isolates were kept at 25°C, and any contaminated plates were discarded. Liquid medium (potato dextrose broth [PDB] at a concentration of 24 g PDB/l; ICN Biomedicals) was prepared and poured into 50 ml vials that could be sealed with sterilized aluminum foil. Fungal tufts from the PDA plates were transferred to these vials and were left for approximately 3 weeks before the material was taken out for DNA analysis.
DNA isolation and AFLP
Isolations were carried out using fungal hyphae from liquid culture. To avoid any impact of the medium present, fungus material was spun down for 5 min at 6000 rpm and the supernatant (i.e., any medium present) was removed. The DNeasy Plant Mini Kit (Qiagen, 40724, Hilden, Germany) was used for DNA isolation. AFLP analysis was performed using the protocol available at http://www.biology. leidenuniv.nl/ibl/mollab/ and as described by Vos et al. (1995) (see also Bot et al. 2001; Poulsen and Boomsma 2005) . After amplification reactions, products were run on an ABI Prism™, after which band patterns were analyzed using GeneScan Analysis™ 2.0.2 (Perkin Elmer). A total of 85 bands of different lengths were obtained. These were treated as binary characters, i.e., scored as present or absent in all 42 fungus clones, and were inserted into a data matrix. All peaks above intensity 30 were scored because this threshold guaranteed 100% repeatability in subsequent AFLP runs (Poulsen and Boomsma 2005; M. Poulsen, unpublished data) . A midpoint-rooted phylogram was estimated using PAUP*4.0b10 (Swofford 2002) , inferring a phylogenetic tree from a heuristic search with random input order and TBR branch swapping. Node support was assessed by 1,000 bootstrap pseudoreplicates under neighborjoining conditions (Hall 2001) , and the relative genetic distance between pairs of clones was calculated as the proportion of nonhomologous bands between pairs of clones (PAUP*4.0b10; Swofford 2002).
The role of fungus chemicals in nonnestmate recognition
To evaluate whether fungus chemical profiles affect aggression toward nonnestmates, we performed intraspecific and interspecific nestmate recognition experiments between ants originating from four different mature colonies before and after ant-cultivar transplants. We used two A. echinatior (Ae 288 and CC031209-02) and two A. octospinosus (CC030403-09 and CC031210-22) colonies, which were all of similar size (1.5-2 l of fungus garden material) and maintained at the UW-Madison under identical climatic and feeding conditions. While the genetic N is the position of each compound on the chromatogram (from left to right). Chemical identities are based on ion characteristics with ions marked as "b" designating the base peak (i.e., the most abundant fragment), ions marked as "mi" designating the molecular ion (molecular weight), and ions marked with "m-#" designating the heaviest ion detected with the specified number indicating the complementary ion to the molecular weight. Peak 27 was too small to be integrated and was not used in the subsequent analyses. The classes of compounds distinguished in Table 2 are given in parenthesis: Alkanes (Alk), Alkenes (Alke), Aldehydes (Ald), Amides (Ami), Formates (For), Methyl esters (Met), Ketones (Ket), Acetates (Ace), and Acids (Aci). Note that only those with more than three compounds per group (acids excluded) were used for the analyses in Table 2 (see text for details). a Eicosane (peak S in Fig. 1a ) was the internal standard.
profiles of the fungus clones reared by these colonies was unknown, the presence of ant-fungus incompatibility when workers were presented with fungus from either one of their nonnative colonies (MP, unpublished data) suggests that each of the four colonies indeed reared a genetically distinct fungus clones (cf. Bot et al. 2001) . First, typical nonnestmate aggression levels were determined by marking 40 major workers with nail polish and adding 10 of these workers to each of the 4 colonies. The 10 workers returned to their own colony thus served as controls for potential handling and nail polish marking effects, whereas the 3×10 workers introduced in alien colonies served as replicate treatment groups. The refuse piles of all 4 colonies were examined for dead introduced workers 24 hours after introduction, and aggression level was estimated as the proportion of marked workers killed after introduction. In a second experiment, we investigated whether priming the ants with exposure to and feeding on the fungus of the receiving colony would alter the baseline levels of aggression established in the first experiment. We therefore set up 10 other workers from the same 4 colonies in subcolonies with fungus from either their own or 1 of the other 3 colonies, using standard ant-cultivar transplant techniques (Bot et al. 2001; Poulsen and Boomsma 2005) . Each subcolony was provided with approximately 5.0 g fungus material without minor workers or brood. These transplanted fungal fragments were often completely destroyed by the ants during the first days, as expected from incompatibility reactions between unrelated symbionts, whereas the controls remained unaffected (Poulsen and Boomsma 2005) . Subcolonies were therefore provided with fresh fungus material from the source colonies every second day, while remnants of the previous fungus were removed (cf. Bot et al. 2001) . Fourteen days after the transplants were initiated, all subcolonies had accepted their novel symbiont and workers were maintaining the nonresident fungus, as expected from previous work (Bot et al. 2001; Poulsen and Boomsma 2005) . At this point in time, we repeated the (non)nestmate aggression tests by introducing the marked workers from the subcolonies into the nests from which their transplanted fungus had originated and counted the number of introduced workers killed by resident workers 24 h after their introduction.
Statistical analysis
To test for differences in chemical profiles between different fungus gardens, a principal components analysis was first carried out on the log-ratio-transformed peak areas of 37 of the 47 identified compounds that were reliably and quantifiable (i.e., peaks that were consistently below 1% of the total and acids were omitted), based on their covariances. The first two principal components were then used in separate nested ANOVAs to assess the chemical distinctness of fungus gardens from the different colonies within each ant species. This analysis was performed using JMP 5.1 (SAS Institute). For additional analyses, the chemical distance between each pair of fungus gardens was estimated as the Mahalanobis distances between centroids for the pairs of clones, obtained from a discriminant analysis of the log-ratio-transformed peak areas for each chemical group (S-Plus v. 6.1, Insightful). These distances were correlated with the AFLP-generated genetic distances using Mantel tests of matrix correlation (Mantel 1967) , which were Table 1 . b Principal components graph showing the chemical similarity between the fungus gardens of 9 colonies of A. octospinosus (darker diamonds) and 9 colonies of A. echinatior (lighter diamonds) based on 47 compounds. Each diamond represents one colony with the mean of the five replicates extracted from the fungus clone at its center. The width and height of each diamond represent ±1 standard error of the mean for PC1 and PC2, respectively performed using either of the computer programs Arlequin 2.1 or F-stat (Goudet 1995) with significance assessed using 1,000 permutations. Mantel tests were also carried out to check whether there was any correlation between the geographic distance, obtained from digitization of maps of the sampling area in Gamboa using the computer program MacGPS Pro 5.0.0 (James Associates, Nederland, CO 80466, USA), and the chemical or genetic similarity of the fungus clones reared by the different ant colonies. Significances of correlation analyses are onetailed because only positive correlations were expected. Correlations between genetic and geographic distances were carried out for all 42 colonies from which AFLP's were obtained, for the subset of 18 colonies where chemical distances were also available, and as a partial Mantel test using an independent, binary matrix encoding whether chemistry was known or not, to control for the difference in genetic distances (higher in the substantially larger group of colonies from which chemical distances were not available).
Although Mantel tests avoid the problems of inflating degrees of freedom when data points in distance matrices are not completely independent and allow considerable nonnormality in the dependent variable, they do not allow comparison across compound groups nor the analysis of statistical interaction terms. We therefore also used a multivariate repeated-measures analysis of covariance (RM-ANCOVA) with chemical (Mahalanobis) distances between each pair of colonies for each of the six compound groups as the (repeated) dependent variables, ant species as a main factor, and genetic distance between fungus clones as a covariate. The dependent variables were ln-transformed to normalize their distribution. This analysis was performed using JMP 5.1 (SAS Institute). Because the unit of replication was the pair of colonies used to calculate the genetic and chemical distances, the approximate significance of each term was assessed using an F-test with denominator degrees of freedom reduced based upon the number of colonies being compared (i.e., the total degrees of freedom were limited to 18).
The difference in aggression toward nonnestmates (proportion of ants killed after introduction) before and after exposure to transplanted fungus was tested using a general linear model with binomial errors, evaluating the main effects of ant origin, fungus origin, and treatment (priming with fungus from the receiving colony for 2 weeks) in addition to the 2-way interaction terms between the 3 factors.
Results
The chemical analyses of fungus profiles revealed a total of 47 compounds in all of the 18 fungus clones examined (see Table 2 The Significance of each term was assessed using F-statistics with degrees of freedom reduced based on the number of colonies compared. Fig. 1a for a typical example). These were 15 hydrocarbons (13 straight and branched alkanes, plus 2 alkenes), 12 aldehydes, 11 esters (5 formates, 3 methyl esters, and 3 acetates), 5 fatty acids, 3 amides, and 1 ketone ( Table 1) . The first 12 principal components in the analysis based on the covariances of the 37 compounds produced the eigenvalues 0.587 (PC1), 0.452 (PC2), 0.263 (PC3), 0.195 (PC4) 0.155 (PC5), 0.110 (PC6), 0.0788 (PC7), 0.0727 (PC8), 0.0474 (PC9), 0.0434 (PC10), 0.0384 (PC11), and 0.0323 (PC12). The first (PC1), second (PC2), and third (PC3) principal components explained 26.9%, 20.1%, and 12.0% of the variance in peak area, respectively (Fig. 1b) , justifying the use of only the first 2 for additional analyses. A nested ANOVA showed that there was a significant difference in PC1 between fungus gardens raised by the 2 ant species (F 1,72 =16.38; P=0.0009), which explained 24.1% of the variance in PC1. There was also a significant effect of colony nested within species on PC1 (F 16,72 = 2.019; P=0.0229), which explained 23.5% of the variance in PC1. For PC2, there was no effect of ant species (F 1,72 = 0.5719; P=0.4605, 2.49% of variance in PC2 explained), but a significant difference between colonies nested within species (F 16,72 =11.30; P<0.0001; 69.7% of the variance in PC2 explained) (Fig. 1b) .
The phylogenetic analysis of the fungal symbionts was based on 85 characters, of which 75 were parsimonyinformative (polymorphic). This resulted in 1 tree saved with a length of 389, a consistency index (CI) of 0.193 (calculated by dividing the minimum possible number of steps by the observed number of steps), and a retention index (RI) of 0.597 (calculated as the maximum number of steps possible minus the actual number of steps, divided by (Fig. 2) . The fungus clones used in this study were, to a large extent, separable with this technique (except for Ae 145 and Ae 168, and Ae 144 and Ae 150, respectively) (Fig. 2) . The major groups on the tree are mostly specific to one of the two ant species, but there are also some more mixed groups. This pattern is consistent with the predominant, but not exclusive, vertical transmission of the fungal symbionts (see "Discussion" section).
When considering each compound group in turn, the majority (19 out of 21) of the correlations between genetic distance and Mahalanobis chemical distance between pairs of colonies were positive (Table 2; Fig. 3 ). Mantel tests showed associations with P values below 0.10 for methyl esters in both of the ant species, for aldehydes in A. octospinosus, and for amides in A. echinatior (Table 2 ; Fig. 3 ). However, when the two ant species were pooled, there were no apparent associations with genetic distance with the amides as a possible exception (Table 2; Fig. 3) . A similar, but clearer pattern was obtained by the RM-ANCOVA (Table 3) , which showed an overall positive and significant correlation between genetic distance and chemical distance across all compound groups independent of the significant effect of ant species. The significant between-compound group differences in ln-Mahalanobis distance are not surprising because there are different numbers of compounds in each group (and the Mahalanobis distance will increase with the number of compounds compared). However, the significant ant species by compound-group interaction term is informative because the same numbers of compounds are involved and implies that there is a difference between the two species in the classes of compound that are under genetic control.
We found no correlations between the geographical distances of the colonies (where they were dug up) and the chemical distance of their fungus gardens, either when considering each of the compound groups separately or when combining them all in a single analysis (Mantel test of the latter: r=0.036; P=0.32). Likewise, there was no correlation between geographic and genetic distance between the fungus gardens across the phylogeny (Ao AH5 from Ancon Hill and Ao FS2 from Fort Sherman were not included; see "Discussion" section) irrespective of whether all colonies were included (Mantel test: r=0.036; P= 0.167), whether only the subset of colonies where chemical distances known were tested (Mantel test: r=0.097; P= 0.138) or whether it was a partial test including data on chemistry inserted as an independent matrix to control for the difference in genetic distance between the two groups (Mantel test: r=0.044; P=0.124), confirming previous results inferred from similar relative genetic distance data (Bot et al. 2001 ) and geographic distances.
Fewer introduced workers were killed by workers in the receiving colonies after the introduced workers had been maintained on fungus material originating from the test colonies for 2 weeks before the experiment (F 1,9 =13.51, P= 0.005). The isolated effects of ant origin and fungus origin were not significant (F 3,9 =1.169, P=0.374 and F 3,9 =1.425, P=0.299, respectively), but there was a significant interaction effect between these two factors (F 9,9 =6.11, P=0.006). This indicates that the overall level of mortality depended on the colony combinations, as would be expected when the genetic distances between the four ant colonies involved and/or their fungal symbionts were different. However, neither of the interaction terms involving "treatment" were significant (treatment×ant origin, F 3,9 =0.977, P=0.424 and treatment×fungus origin, F 3,9 =1.79, P=0.219, respectively), indicating that the same pattern of reduced mortality was seen with all colonies (Table 4) .
Discussion
When kept under standard laboratory conditions on a substrate of chewed up bramble leaves and rice, the fungi cultivated by A. octospinosus and A. echinatior express the same chemical compounds, but in different quantities between species and colonies ( Fig. 1b; Fig. 2; Table 3 ). Although there is ample AFLP (whole genome) genetic variation between the fungal symbionts of different colo- Table 4 The number of nonnestmate workers killed by resident workers when introduced to laboratory colonies before and after 14 days of "priming" exposure to the fungus garden of the receiving test colony ( The four colonies used were two of A. echinatior (Ae) and two of A. octospinosus (Ao).
nies, there is no evidence that the two sympatric Acromyrmex species rear different pools of fungal strains, confirming earlier analyses (Bot et al. 2001; Poulsen and Boomsma 2005) . Also, the AFLP tree of Fig. 2 shows some evidence for horizontal transmission between the two ant species, but to a lesser extent that a previous AFLP tree on Acromyrmex fungal symbionts from the same area (Bot et al. 2001 ). The quantitative variation in symbiont-produced chemical profiles appears to be heritable to some extent, and priming of nonnestmate workers with alien symbiont appears to affect nestmate recognition from the workers maintaining this fungus as their resident symbiont (Table 4 ). In the sections below, we will discuss and interpret these complex patterns and evaluate the possible significance of fungal-derived cues for nestmate recognition.
Discriminating between ant-derived and fungus-derived recognition cues
The fungi cultivated by Acromyrmex ants can acquire their chemical compounds from the environment (the worker or queen ants, the ant brood, the collected leaf fragments) (Viana et al. 2001; Richard et al. 2004 ) and/or produce them independently. In this study, the variation in the environmental component was inevitably low because ants were reared under the same controlled laboratory conditions and on a standard diet of mostly bramble leaves, which only contain aliphatic C14-C26 aldehydes and a few n-alkanes and n-alkenes (Richard et al. 2004 ). Our constant laboratory-feeding regime has therefore almost certainly reduced the natural environmental variation in chemical profiles. In a related Brazilian ant, Acromyrmex subterraneus, the compounds found in fungus material included all the hydrocarbons present on the surface of larvae and pupae of the tending ants, but also in that study, the fungus expressed many additional compounds (Viana et al. 2001) . Although the authors did not state this, the data clearly suggest that the fungus produces several classes of compounds that the ants do not synthesize. A recent study of A. echinatior workers from the same Panamanian population has confirmed this hypothesis by showing that ant workers had only alkanes, alkenes, and methyl alkanes on their cuticles (Lambardi et al. 2007 ). This indicates that the aldehydes, methyl esters, and amides, which appear to covary with genetic differences between fungal symbionts (Table 2 ; Fig. 3 ), are indeed innate fungal compounds. Of the 31 compounds isolated from the Brazilian fungus gardens of A. subterraneus (Viana et al. 2001) , 16 were identical to compounds isolated from the fungus clones of our 2 Panamanian Acromyrmex species, which suggests that chemical profiles of fungal symbionts may be similar across the entire genus of Acromyrmex leaf-cutting ants. The chemical similarity between Panamanian and Brazilian symbionts of Acromyrmex might be even higher because we potentially could have obtained the C-35 alkane and the unidentified aldehyde present in A. subterraneus fungus garden profiles (Viana et al. 2001 ) with a different gas chromatography-mass spectrometry (GC-MS) analysis. Other differences may have been due to the Brazilian ants being provided with different forage (Ligustrum leaves). Finally, the multiple branched alkanes found in symbiont fungi by Viana et al. (2001) might have originated from the chemical profile of workers and brood where they were present in low quantities (Richard et al. 2004; F.-J. Richard, unpublished data) and thus do not necessarily contradict our present finding of only a single branched alkane (8-methyloctadecane) in fungus material without brood.
Several independent findings indicate that the mutualistic fungus maintained by Acromyrmex leaf-cutting ants displays a substantially richer blend of chemical compounds than their host ants and the ant brood. The expressed quantities of the apparently fungal-derived compounds (aldehydes, methyl esters, and amides) appear heritable to some extent, and may thus function as recognition labels for the ants to discriminate between strains of fungi. The current data do not allow us to assess whether the alkanes, expressed by both the ants and their fungi, are primarily ant-derived or fungus-derived. The most parsimonious hypothesis would be that the compounds expressed on the ant cuticle are ultimately determined by what the ants eat (i.e., by the total chemical blend of their fungal food), but proximately by ant speciesspecific biosynthetic pathways, so that only alkanes, alkenes, and methyl alkanes are expressed (Lambardi et al. 2007) . If so, these simple hydrocarbons would likely be transferred back to the fungus garden, which would explain why their relative quantities do not correlate with the genetic differences among the strains of symbionts. This hypothesis, which we will explore in more detail below, would imply that fungal symbionts have an important indirect effect on the expression and maintenance of a colony "gestalt" odor in leaf-cutting ants.
The logic of symbiont-derived recognition cues While it is clearly important for leaf-cutting ants to recognize their colony's own symbiotic fungus and to discriminate against alien fungi (Poulsen and Boomsma 2005) , there are also several reasons why fungal-derived recognition profiles might be more reliable for nestmate recognition than ant-derived cuticular hydrocarbon profiles. Because queens mate with many males (Ortius-Lechner et al. 2003; Sumner et al. 2004) , the workers in individual colonies are much more genetically variable than the fungus they rear. The genetic make-up of the ants tending a fungal lineage also changes significantly in each generation because representatives of the female lineage (transmitting the symbiont) mate at random with different sets of males. There is, therefore, no direct connection across generations between the largely vertically transmitted fungal symbiont and the nuclear genetic variation of the ants. This implies that fungus-derived recognition cues would be more distinct and better preserved between ant generations than antderived cues because default vertical transmission remains much more common on an ecological timescale than occasional horizontal transmission events, the signs of which can often be detected only in comparisons of fungal symbionts across sympatric ant species (e.g., Fig. 2 and Bot et al. 2001) .
Using symbiont-derived recognition cues would allow workers to discriminate between nestmates and nonnestmates provided that neighboring colonies rear genetically different strains of fungus. This is likely to be the case because only 2 out of the 42 pairs of fungus clones examined in this study had identical AFLP profiles (Fig. 2) . Any additional habitat-specific environmental factors would then simply reinforce a fungus-induced "gestalt", in concordance with the finding of Jutsum et al. (1979) that ant forage is a key factor in intraspecific recognition between A. octospinosus workers. These difference-enhancing environmental effects are likely to be primarily local (i.e., nest-level and feeding-territory specific), which is consistent with the lack of correlation between the geographic distance between colonies and the chemical or genetic distance of their fungal symbionts within the Gamboa population covering an area of approximately 1 km 2 . This is further supported by the chemical profiles from 2 colonies (Ao AH5 and Ao FS2), which were excavated 25 and 35 km from Gamboa, respectively, but had chemical (Fig. 1b) and AFLP (Fig. 2) profiles similar to those from Gamboa colonies. Thus, although these distant colonies were not included in the analysis of geographic vs genetic and chemical differences, they most likely were representatives in the same population of fungal symbionts.
Exploring some of the consequences of symbiontderived recognition cues Nestmate recognition and aggressive behavior between Acromyrmex ants are normally distinct in encounters between individuals originating from the same colony after being raised in subcolonies provided with different forage (Jutsum et al. 1979) or when confrontations are staged on or close to the fungus garden of colonies (Lambardi et al. 2007 ; Table 4 ). However, in other cases, aggression between workers from different laboratory colonies raised on the same food is surprisingly mild, particularly during encounters away from the fungus garden (F.-J. Richard, unpublished data; J.J. Boomsma, personal observation). This might indicate that either (1) Acromyrmex workers sometimes do not have many nestmate recognition cues available after having been kept on the same constant laboratory diet for a long time or (2) aggression toward nonnestmates is lower when encounters occur away from the valuable colony fungus garden, i.e., in the foraging territory rather than in the nest sphere. These reduced aggression levels owing to information constraints or lower "motivation" are less likely to be important for the recognition of fungus fragments by the ants because (1) fungal profiles appear to retain much of their distinctness even after a long time in laboratory culture on the same leaf substrate (Fig. 1) , facilitating correct recognition within gardens, and (2) recognition of nonresident fungus material away from the resident garden may also be important to avoid accidentally bringing back contaminant fungus material with potentially severe consequences (cf. Poulsen and Boomsma 2005) .
It is striking that most of the correlations of Table 2 and Fig. 3 disappeared when we pooled the data from both ant species, in spite of the substantial increase in sample size. This suggests that active care by ants may have different species-specific effects on the production of classes of fungal compounds, or possibly on the expression of genes that control the metabolism, and hence the surface chemistry of the fungal symbiont. The interaction complexity between genetic, environmental, and host factors that apparently determines the chemical profile of the fungal symbionts may also explain why the correlations (Fig. 3) are generally weak. The unusually deviating chemical signature of the symbiont of colony Ae 33 in Fig. 1b may provide a suggestive illustration as this was the only A. echinatior colony that was sampled in typical A. octospinosus (forest) habitat. The symbiont of this colony belonged to a typical A. echinatior clade of symbionts (Fig. 2) normally found in less shaded habitats, but its unusual habitat to which its tending ants were not specifically adapted, might have affected gene expression for key metabolic pathways in peculiar ways with a deviating chemical profile as a result.
Several studies have focused on the sensitive imprinting period after worker emergence and have shown that early learning of the colony odor by callow workers determines later nestmate discrimination (e.g., Hölldobler and Wilson 1990; Fénéron and Jaisson 1995) . This imprinting process on a specific "gestalt" odor should be equally as effective with fungus-derived compounds as with innate cuticular hydrocarbons. The hypothesis that many recognition cues in leafcutting ants are ultimately fungus-derived yields the prediction that the perception of "own fungus" can be manipulated in symbiont exchange experiments, similar to what can be done with innate cuticular hydrocarbon profiles when rearing ants from the same colony on different food sources (Jutsum et al. 1979) . We therefore expected to also be able to manipulate aggressive behavior of ants toward nonnestmates after experimentally priming and acclimatizing them to nonresident fungus material, and we were able to show this in a direct experiment (Table 4) .
Our results mean that we now have multiple lines of evidence suggesting that the interactions between leafcutting ants and their fungal symbionts are a complex blend of cooperation and potential conflict, extending into which chemical cues are expressed and used by each of the parties: These are (1) the fact that a period of 1-2 weeks without the resident fungus, or with enforced exposure to and feeding on a previously incompatible symbiont, removes or reverses behavioral ant-fungus incompatibility (Bot et al. 2001 ; F.-J. Richard, personal observation), (2) the evidence that resident fungus clones actively protect their local monopoly of ant care by expressing genetically determined mycelial incompatibility toward alien strains of symbiont and by imprinting the fecal droplets of the ants to express the same incompatibility (Poulsen and Boomsma 2005) , (3) that the fungi have partly heritable chemical profiles independent of the ants and that these chemical profiles affect aggression level toward nonnestmates and thus the colony gestalt odor. Further unraveling of these complex interactions will be highly rewarding to understand the principles of communication and recognition involved in host symbiont coevolution.
